INTRODUCTION
============

Microglia, considered to be macrophages in the central nervous system, plays a central role in brain development and maintenance. However, microglial dysfunction due to hyperactivity in response to inflammatory signals is closely related to the onset and progression of various neuro-degenerative diseases by damaging brain neurons.[@b1-jcp-23-134],[@b2-jcp-23-134] For example, the excessive activation of microglial cells by pathogenic endotoxin, such as lipopolysaccharide (LPS) present in the outer membrane of Gram-negative bacteria, can increase the production of pro-inflammatory mediators and cytokines through toll-like receptor 4 (TLR4) signaling.[@b3-jcp-23-134],[@b4-jcp-23-134] TLR activates several downstream signaling pathways and ultimately induce phosphorylation and degradation of IκB, an inhibitor of NF-κB, by recruiting myeloid differentiation gene 88 (MyD88), an adapter molecule of TLRs.[@b5-jcp-23-134],[@b6-jcp-23-134] When IκB is degraded, free NF-κB consequently translocates into the nucleus and causes the transcription of a series of inflammatory genes.[@b5-jcp-23-134]--[@b7-jcp-23-134] Furthermore, the activation of chemokine (CXC motif) receptors (CXCRs) by chemokine (CXC motif) ligands (CXCLs) associated with LPS stimulation, along with TLR4 signaling activated by LPS, is involved in the release of inflammatory mediators and cytokines and exhibits substantial chemo-attractive activity.[@b8-jcp-23-134],[@b9-jcp-23-134] Therefore, the regulation of inflammatory response by blocking excessive microglia activation is an important tool that weakens the induction and progression of multiple brain diseases.

Diallyl trisulfide (DATS) is one of the natural organic sulfur compounds derived from the Allium genus, which includes garlic, and is known to have anti-inflammatory potentials.[@b10-jcp-23-134],[@b11-jcp-23-134] For example, You et al.[@b12-jcp-23-134] reported that DATS attenuated the LPS-induced production of pro-inflammatory mediators and cytokines by inhibiting NF-κB and mitogen-activated protein kinases (MAPKs) signaling pathways in the macrophage model. In addition, Wang et al.[@b13-jcp-23-134] showed that DATS could alleviate endothelial cell inflammation caused by hypoxia and improve endothelial cell proliferation and migration. Although DATS has been reported to inhibit the production of LPS-induced pro-inflammatory factors and monocyte chemoattractant protein-1 induced by inhibiting the NF-κB activation in the microglia model,[@b14-jcp-23-134] the relevance of TLR4 signaling and chemokine ligand/receptor axis is still poorly documented. Therefore, in this study, the anti-inflammatory effect of DATS was reaffirmed in LPS-stimulated BV2 microglial cells, and the effects of DATS on TLR4 signaling and CXCL12/CXCR4 pathway were investigated in this process.

MATERIALS AND METHODS
=====================

1. Cell culture and lipopolysaccharide stimulation
--------------------------------------------------

BV2 microglia were cultured in Dulbecco's modified Eagle's medium (DMEM; WelGENE Inc., Daegu, Korea) containing 10% FBS, L-glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 U/mL, WelGENE Inc.) at 37°C in a humidified atmosphere containing 5% CO~2~ and 95% air. DATS was purchased from LKT Laboratories (St. Paul, MN, USA), dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich Chemical Co., St. Louis, MO, USA), and adjusted to the final concentrations using complete culture medium. To stimulate the cells, the medium was replaced with fresh DMEM, and 100 ng/mL LPS was added in the presence or absence of DATS for the indicated periods.

2. Assessment of cell viability
-------------------------------

To evaluate the cytotoxic potential of DATS, BV2 cells were treated with different concentrations of DATS for 1 hour before incubation with or without LPS (100 ng/mL). After culturing for 24 hours, 0.5 mg/mL of MTT (Sigma-Aldrich Chemical Co.) solution was added to each well, followed by incubation at 37°C in dark conditions for 3 hours. The MTT solution was then removed and 5% DMSO was added to dissolve the crystals. The viable cells were detected by reading the absorbance of formazan at 540 nm using an ELISA microplate reader (Dynatech Laboratories, Chantilly, VA, USA). The optical density of formazan formed in control (untreated) cells was used to demonstrate 100% viability.

3. Measurement of nitric oxide and prostaglandin E2 production
--------------------------------------------------------------

The levels of nitric oxide (NO) production were determined indirectly by measuring the stable NO catabolite nitrite in a medium by Griess reaction. Briefly, the conditioned medium was mixed with the same volume of Griess reagent (Sigma-Aldrich Chemical Co.) and incubated at room temperature for 10 minutes. The optical density at 540 nm was measured with an ELISA microplate reader and the concentration of nitrite was calculated according to a standard curve generated from known concentrations of sodium nitrite. Prostaglandin E~2~ (PGE~2~) concentrations in conditioned medium were measured using a commercial PGE~2~ ELISA kit (Cayman Chemical Co., Ann Arbor, MI, USA) according to the manufacturer's instructions.

4. Protein isolation and Western blot analysis
----------------------------------------------

As described previously,[@b15-jcp-23-134] cells were harvested and lysed with cell lysis buffer. The cytoplasmic and nuclear extracts were prepared using an NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer's instructions. For Western blotting, the same amount of protein was electrophoretically transferred onto polyvinylidene difluoride membranes (Schleicher & Schuell, Keene, NH, USA) following separation in SDS gel electrophoresis. The membranes were then blocked for 1 hour with 5% skim milk powder/TBS containing 0.1% Triton X-100 (TBST) and probed with specific primary antibodies at 4°C overnight. After washing the primary antibodies with TBST, the membranes were incubated with appropriate horseradish peroxidase-conjugated secondary antibodies (Amersham Biosciences, Westborough, MA, USA) for 2 hours at room temperature. Protein bands were detected by an enhanced chemiluminescence (ECL) kit (Amersham Biosciences) according to the manufacturer's instructions.

5. Statistical analysis
-----------------------

All numerical data are expressed as mean ± SD. Student *t*-test was used to analyze the significant differences between the mean values. All statistical analyses were performed using the SPSS ver. 17.0 software (SPSS Inc., Chicago, IL, USA). Value of *P* \< 0.05 was considered statistically significant.

RESULTS
=======

1. Assessment of Diallyl trisulfide on cell viability in BV2 microglial cells
-----------------------------------------------------------------------------

As shown in [Figure 1A](#f1-jcp-23-134){ref-type="fig"}, the survival rate of BV2 cells was not significantly affected by up to 200 μM of DATS treatment for 24 hours. Also, no significant changes were observed in DATS concentrations up to 150 μM in the presence of 100 ng/mL LPS ([Fig. 1B](#f1-jcp-23-134){ref-type="fig"}).

2. Suppression of lipopolysaccharide-induced nitric oxide and prostaglandin E2 production by diallyl trisulfide in BV2 microglial cells
---------------------------------------------------------------------------------------------------------------------------------------

The levels of NO and PGE~2~ in the culture supernatants were determined by Griess reaction assay and ELISA, respectively. As indicated in [Figure 2](#f2-jcp-23-134){ref-type="fig"}, when treated with LPS alone, production of NO and PGE~2~ was greatly increased compared to the untreated control. Conversely, DATS significantly inhibited NO and PGE~2~ secretion in BV2 cells in a concentration-dependent manner. Thus, inhibition of NO and PGE~2~ production by DATS is independent of cytotoxicity of DATS and is due to DATS itself.

3. Attenuation of lipopolysaccharide-induced inducible nitric oxide synthase and COX-2 expression by diallyl trisulfide in BV2 microglial cells
-----------------------------------------------------------------------------------------------------------------------------------------------

We next determined whether the inhibitory effect of DATS on NO and PGE~2~ production was related to the regulation of the expression of their synthesis enzymes, inducible nitric oxide synthase (iNOS) and COX-2. As shown [Figure 3](#f3-jcp-23-134){ref-type="fig"}, DATS concentration-dependently inhibited the expression of iNOS and COX-2 protein induced by LPS, indicating that DATS inhibits NO and PGE~2~ production by decreasing the expression of their encoding genes.

4. Inhibition of lipopolysaccharide-induced activation of NF-κB by diallyl trisulfide in BV2 microglial cells
-------------------------------------------------------------------------------------------------------------

We further investigated whether DATS could attenuate the activity of NF-κB induced by LPS in BV2 cells. Our data using cytoplasmic and nuclear extracts indicated that DATS pretreatment inhibited the accumulation of NF-κB p65 subunit in nuclei associated with attenuation of IκBα degradation and phosphorylation in LPS-stimulated BV2 cells ([Fig. 4](#f4-jcp-23-134){ref-type="fig"}), implying that DATS inhibited the transcriptional activation of NF-κB.

5. Reduction of lipopolysaccharide-induced toll-like receptor 4 and myeloid differentiation gene 88 expressions by diallyl trisulfide in BV2 microglial cells
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Expression of TLR4 and Myd88 was investigated to examine whether the anti-inflammatory effect of DATS is associated with blocking of the TLR4 signaling pathway. According to immuno-blotting results, the levels of TLR4 and Myd88 protein were increased by LPS treatment according to treatment time ([Fig. 5A](#f5-jcp-23-134){ref-type="fig"}). However, LPS-induced expression of the proteins was diminished when DATS was pre-treated ([Fig. 5B](#f5-jcp-23-134){ref-type="fig"}), suggesting that DATS could inhibit the LPS-activated TLR signaling pathway in BV2 cells.

6. Inhibition of lipopolysaccharide-induced CXCL12 and CXCR4 expressions by diallyl trisulfide in BV2 microglial cells
----------------------------------------------------------------------------------------------------------------------

We also investigated the effect of DATS on the CXCL12/CXCR4 axis to determine the association of chemokine networks with anti-inflammatory effects of DATS in BV cells. Our results showed that the expression of CXCL12 and CXCR4 proteins in the LSP-treated BV2 cells was continuously increased in a time- dependent manner ([Fig. 6A](#f6-jcp-23-134){ref-type="fig"}), but this effect was suppressed in the presence of DATS depending on the DATS treatment concentration ([Fig. 6B](#f6-jcp-23-134){ref-type="fig"}). Moreover, under the same condition, DATS pretreatment reduced the phosphorylation of LPS-induced Akt without affecting its total protein expression ([Fig. 6B](#f6-jcp-23-134){ref-type="fig"}).

DISCUSSION
==========

Although three enzymes, endothelial NOS, neuronal NOS, and iNOS, are involved in the synthesis of NO, iNOS expression is increased by inflammatory stimuli such as inflammatory and bacterial endotoxins and contributes to excessive NO production.[@b16-jcp-23-134]--[@b19-jcp-23-134] Among COXs, which is involved in the production of PGE~2~, COX-1 is expressed in most tissues and serves to maintain normal physiological functions, whereas COX-2 is transiently induced in response to growth factors or inflammatory stimuli.[@b20-jcp-23-134]--[@b22-jcp-23-134] Various types of inflammatory responses are directly associated with the production of abnormally high levels of NO and PGE~2~ by upregulation of iNOS and COX-2. Therefore, lowering the production of inflammatory mediators is important for the prevention of inflammatory diseases and the development of therapeutic agents. Similar to previous studies using a macrophage model,[@b15-jcp-23-134],[@b23-jcp-23-134] our results showed that DATS significantly inhibited NO and PGE~2~ production by LPS stimulation without cytotoxicity associated with suppression of iNOS and COX-2 expression, respectively.

NF-κB is a key factor in upregulating the expression of pro-inflammatory genes when it is translocated to the nucleus. NF-κB is generally complexed by IκBα and is located in the cytoplasm. When IκBα is phosphorylated and degraded, NF-κB is separated and transferred to the nucleus.[@b6-jcp-23-134],[@b7-jcp-23-134] Our results indicated that DATS effectively blocked the nuclear expression of NF-κB (p65) and the degradation and phosphrylation of IκBα. These results suggest that DATS reduced the expression and production of pro-inflammatory enzymes by inhibiting the NF-κB pathway in LPS-stimulated BV2 microglia. This is also in good agreement with previous results observed in LPS-stimulated macrophages and microglia.[@b14-jcp-23-134],[@b15-jcp-23-134],[@b23-jcp-23-134]

Immune cells, such as microglia, recognize pathogen- associated molecular patterns through the TLRs, which are expressed on the cell surface. Among the TLRs, when activated by LPS, TLR4 recruits adapter molecules containing MyD88, LPS-binding protein and a cluster of differentiation 14 (CD14) co-receptors.[@b2-jcp-23-134],[@b24-jcp-23-134] Upon activation of TLR4 by LPS, the TLR4- MyD88-mediated signaling can lead to activation of MAPKs, which ultimately promotes activation of NF-κB signaling and produces inflammatory mediators and cytokines.[@b3-jcp-23-134],[@b4-jcp-23-134] We have shown here that DATS had an obvious suppressive effect on LPS-stimulated expression of TLR4 and MyD88 in a concentration-dependent manner. This finding demonstrates that DATS inhibits the activation of NFκB and inhibits LPS binding to TLR4, thereby weakening the onset of the LPS- mediated intracellular signaling pathway. According to the results of You et al.,[@b12-jcp-23-134] DATS significantly inhibited LPS-mediated MAPKs signaling in macrophage cell model. Our previous study have also showed that DATS significantly suppressed inhibits the production of pro-inflammatory mediators and cytokines in macrophages by attenuating the interaction between LPS and TLR4 in macrophages.[@b15-jcp-23-134] Therefore, DATS may inhibit NF-κB as well as MAPK signaling pathways by showing an antagonistic effect that interferes with the binding of LPS to TLR4 in immune cells, such as macrophages and microglia.

CXCR4 is a multifunctional G-protein coupled receptor and is activated by the natural ligand CXCL12.[@b8-jcp-23-134],[@b9-jcp-23-134] In many previous studies on CXCR4 agonists or antagonists, CXCR4, as a member of the LPS-sensing complex, has been shown to modulate TLR4 signaling.[@b24-jcp-23-134],[@b25-jcp-23-134] For example, the CXCL12/CXCR4 axis is involved in the production of pro-inflammatory factors and exhibits a substantial chemo-attractive activity on various immune cells, and thus it acts as a cause of the initiation of various inflammatory diseases.[@b26-jcp-23-134],[@b27-jcp-23-134] It also plays an important role in the recruitment of neutrophils and macrophages at the early stage of inflammatory disease progression.[@b9-jcp-23-134],[@b28-jcp-23-134] However, the basic functions of CXCR4 and CXCL12 in inflammatory diseases remain controversial, and little is known about the precise effect of the CXCL12/CXCR4 axis blockade. Therefore, we further examined the effect of DATS on the expressions of CXCR4 and its ligand, CXCL12. Immunoblotting results indicated that the LPS challenge caused a time-dependent increase in CXCL12 and CXCR4 protein compared to the control. Conversely, in the presence of DATS, the expression of CXCL12 and CXCR4 proteins was significantly reduced, suggesting that the inactivation of the axis were at least involved in the anti-inflammatory effect of DATS in BV2 microglia. In addition, LPS induced prominent phosphorylation of Akt and pretreatment of DATS inhibited phosphorylation of Akt in a concentration-dependent manner, suggesting that down-regulation of the phospho-3-kinase (PI3K)/Akt-mediated signaling pathway is involved in the anti-inflammatory mechanism of DATS. Therefore, subsequent studies are needed to better understand the detailed mechanism underlying the DATS effect on the PI3K/Akt and CXCL12/CXCR4 pathways, including its effects on the migration of neutrophils and macrophages to the inflammation site.

In conclusion, the results obtained in this study demonstrated that DATS has a potent anti-inflammatory effect on BV2 microglia. In BV2 cells stimulated with LPS, DATS was able to reduce inflammation-related NO and PGE~2~ production associated with the inhibition of iNOS and COX-2 protein expression by inhibiting NF-κB activity. In addition, DATS can block early intracellular signaling cascades by suppressing the TLR4/Myd88 and/or CXCL12/CXCR4 signaling pathways. Although current results may provide a partial understanding of the mechanism of anti-inflammatory effects of DATS, further studies are needed to assess the mechanical role of DATS in a variety of inflammatory diseases.
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![Effects of diallyl trisulfide (DATS) and lipopolysaccharide (LPS) on the cell viability of BV2 microglial cells. The cells were treated with various concentrations of DATS for 24 hours (A) or pre-treated with the indicated concentrations of DATS for 1 hour prior to 100 ng/mL LPS treatment for 24 hours (B). The cell viability was assessed with an MTT reduction assay, and the results were expressed as the percentage of surviving cells over control cells (no addition of DATS and LPS). Values represent the means ± SD of the three independent experiments.](jcp-23-134f1){#f1-jcp-23-134}

![Inhibition of nitric oxide (NO) and prostaglandin E2 (PGE2) production by diallyl trisulfide (DATS) in lipopolysaccharide (LPS)-stimulated BV2 microglial cells. The cells were pre-treated with the indicated concentrations of DATS for 1 hour prior to incubation with 100 ng/mL LPS for 24 hours. The levels of NO (A) and PGE2 (B) in the culture media were measured by Griess assay and a commercial ELISA kit, respectively. Each value indicates the mean ± SD and is representative of the results obtained from three independent experiments (^a^*P* \< 0.05 compared with the control; ^b^*P* \< 0.05 compared with the cells cultured with 100 ng/mL LPS).](jcp-23-134f2){#f2-jcp-23-134}

![Inhibition of the lipopolysaccharide (LPS)-induced expression of inducible nitric oxide synthase (iNOS) and COX-2 in BV2 microglial cells. BV2 cells were pre-treated with various concentrations of diallyl trisulfide (DATS) for 1 hour, followed by 100 ng/mL LPS treatment for 24 hours. The total proteins were isolated and Western blot analyses were performed using the indicated antibodies and an enhanced chemiluminescence detection system. The experiments were repeated three times, and similar results were obtained. Actin was used as the internal control.](jcp-23-134f3){#f3-jcp-23-134}

![Inhibition of the lipopolysaccharide (LPS)-induced NF-κB activation by diallyl trisulfide (DATS) in BV2 microglial cells. The cells were pre-treated with 150 μM DATS for 1 hour before 100 ng/mL LPS treatment for 1 hour. The nuclear and cytosolic proteins were prepared for Western blot analysis using anti-NF-κB p65 and anti-IκBα antibodies and an enhanced chemiluminescence detection system. Nucleolin and actin were used as the internal controls for the nuclear and cytosolic fractions, respectively.](jcp-23-134f4){#f4-jcp-23-134}

![Effects of diallyl trisulfide (DATS) on the lip-opolysaccharide (LPS)-induced expression of toll-like receptor 4 (TLR4) and myeloid differentiation gene 88 (Myd88) in BV2 micro-glial cells. The cells were treated with 100 ng/mL LPS for the indicated times (A) or pretreated with the indicated concentrations of DATS for 1 hour prior to LPS treatment for 6 hours (B). The total proteins were prepared for Western blot analysis using anti-TLR4 and anti-Myd88 antibodies and an enhanced chemiluminescence (ECL) detection system. Actin was used as the internal control.](jcp-23-134f5){#f5-jcp-23-134}

![Effects of diallyl trisulfide (DATS) on the lip-opolysaccharide (LPS)-induced expression of CXCL12/CXCR4 and phosphorylation of Akt in BV2 microglial cells. The cells were treated with 100 ng/mL LPS for the indicated times (A) or pre-treated with the indicated concentrations of DATS for 1 hour prior to LPS treatment for 6 hours (B). The total proteins were prepared for Western blot analysis using anti-CXCL12, anti-CXCR4, anti-p-Akt and anti-Akt antibodies and an enhanced chemiluminescence detection system. Actin was used as the internal control.](jcp-23-134f6){#f6-jcp-23-134}
